Abstract The timing and mode of deposition for Martian regolith breccia Northwest Africa (NWA) 7034 were determined by combining petrography, shape analysis, and thermochronology. NWA 7034 is composed of igneous, impact, and brecciated clasts within a thermally annealed submicron matrix of pulverized crustal rocks and devitrified impact/volcanic glass. The brecciated clasts are likely lithified portions of Martian regolith with some evidence of past hydrothermal activity. Represented lithologies are primarily ancient crustal materials with crystallization ages as old as 4.4 Ga. One ancient zircon was hosted by an alkali-rich basalt clast, confirming that alkalic volcanism occurred on Mars very early. NWA 7034 is composed of fragmented particles that do not exhibit evidence of having undergone bed load transport by wind or water. The clast size distribution is similar to terrestrial pyroclastic deposits. We infer that the clasts were deposited by atmospheric rainout subsequent to a pyroclastic eruption(s) and/or impact event(s), although the ancient ages of igneous components favor mobilization by impact(s). Despite ancient components, the breccia has undergone a single pervasive thermal event at 500-800°C, evident by groundmass texture and concordance of~1.5 Ga dates for bulk rock K-Ar, U-Pb in apatite, and U-Pb in metamict zircons. The 1.5 Ga age is likely a thermal event that coincides with rainout/breccia lithification. We infer that the episodic process of regolith lithification dominated sedimentary processes during the Amazonian Epoch. The absence of pre-Amazonian high-temperature metamorphic events recorded in ancient zircons indicates source domains of static southern highland crust punctuated by episodic impact modification.
Introduction
The history of a planetary body such as Mars is recorded within its rock record. Each rock type provides insights into different aspects of planetary evolution, with sedimentary rocks capable of recording a rich history of surface processes, as well as past biologic, geologic, and climatic activities. The surface and crust of Mars have been the focus of intensive study by orbital spectroscopic observations and in situ surface analysis by landers and rovers [e.g., Bibring et al., 2005 Bibring et al., , 2006 Carr, 2007; Christensen et al., 2005; Ehlmann et al., 2008; Grotzinger and Milliken, 2012; McEwen et al., 2011; McLennan et al., 2005; McSween et al., 1999 McSween et al., , 2004 Murchie et al., 2007; Poulet et al., 2005; Squyres et al., 2004; Stolper et al., 2013] . Additionally, there have been many detailed analytical investigations of Martian meteorites [e.g., Borg and Draper, 2003; Brandon et al., 2012; Day et al., 2006; Dyar et al., 2005; Greenwood et al., 2008; Herd et al., 2002; McCubbin et al., 2013; McKay et al., 1996; McSween and Treiman, 1998; Monkawa et 9al., 2006; Nyquist et al., 2001; Papike et al., 2009; as well as experimental studies that have simulated Martian conditions in the laboratory [e.g., Adcock et al., 2013; Collinet et al., 2015; Dreibus et al., 2008; Filiberto, 2008; Filiberto and Dasgupta, 2011; Filiberto et al., 2010a Filiberto et al., , 2010b Golden et al., 2005; Hurowitz et al., 2005; McCanta et al., 2004; McCubbin et al., 2008; McSween et al., 2001; Medard and Grove, 2006; Monders et al., 2007; Musselwhite et al., 2006; Nekvasil et al., 2009; Papike et al., 2013] . These studies have shown that the planet Mars has had a complex geologic history. The sedimentary rock record of Mars indicates that sedimentary units are typically sourced from basaltic igneous rocks [McLennan et al., 2014; McSween et al., 2009; Squyres and Knoll, 2005; Squyres et al., 2006; Taylor and McLennan, 2008] . This characteristic of Martian sediments marks an important contrast between sedimentary environments on Earth and those on Mars [McLennan, 2012; Tosca and McLennan, 2006] . Furthermore, the apparent absence of plate tectonics on Mars indicates that the entire range of geologic activities and paleoenvironments that have existed on Mars is potentially preserved in the rock record at or near the Martian surface on billion-year time scales [Grotzinger and Milliken, 2012; Malin and Edgett, 2000] .
Despite the abundance of sediments on the Martian surface [Malin and Edgett, 2000; McLennan et al., 2005 McLennan et al., , 2014 Szabó et al., 2015] , Martian sedimentary rocks are not represented in the inventory of meteorites with the exception of a single sample, Northwest Africa (NWA) 7034 [Agee et al., 2013] , and its pairings, e.g., NWA 7533, NWA 7475, NWA 7906, NWA 7907, NWA 8114, and NWA 8171. NWA 7034 is a polymict regolith breccia with a basaltic bulk composition [Agee et al., 2013; Humayun et al., 2013; Wittmann et al., 2015] that closely matches estimates for the bulk-crust composition of Mars [Agee et al., 2013; McCubbin et al., 2015; McSween et al., 2009; Taylor and McLennan, 2008] . Furthermore, NWA 7034 yields a better match than any other Martian meteorite to visible-infrared reflectance spectra of the Martian surface measured from orbit [Beck et al., 2015; Cannon et al., 2015] . Although bulk-rock measurements of NWA 7034 have uncovered important new interpretations regarding the composition of the Martian atmosphere and the origin of crustal magnetic signatures [Cartwright et al., 2014; Gattacceca et al., 2014] , detailed textural studies of the meteorite have focused upon the igneous or impact history of the breccia [Bellucci et al., 2015; Humayun et al., 2013; Lorand et al., 2015; Nemchin et al., 2014; Santos et al., 2015; Udry et al., 2014; Wittmann et al., 2015] . Consequently, its potential utility for recording Martian sedimentary processes has gone largely unrecognized, despite it being our first regolith breccia from an extraterrestrial body with an atmosphere. In the present study, we examine the textural, temporal, and spatial relationships among all of the matrix and clast components within NWA 7034 to determine the surface processes that were required for its formation, including its deposition and subsequent lithification, and their timing. This information is subsequently used to place better constraints on Martian crustal evolution.
Analytical Methods
A textural and mineralogical examination of NWA 7034 was conducted by optical microscopy, scanning electron microscopy, transmission electron microscopy, and Raman microspectral imaging to investigate petrological and mineralogical textures of clasts, mineral fragments, and matrix materials from the centimeter to submicron scales. Furthermore, minerals that can yield age information (i.e., zircon, apatite, and baddeleyite) were identified and analyzed for major, minor, and trace elements by electron probe microanalysis and secondary ion mass spectrometry. These detailed petrography and geochronology are combined with mineral closure temperatures and quantitative shape analysis of clasts and mineral fragments to reconstruct the geologic history of regolith breccia NWA 7034.
Scanning Electron Microscopic Imaging and Identification of Zr-Rich Phases
Back-scattered electron (BSE) images and X-ray maps of whole polished thin sections of NWA 7034 were acquired by using a FEI Quanta 3D-FEG dual-beam focused ion beam (FIB) scanning electron microscope (SEM) at the Open University, UK, fitted with an Oxford Instruments INCA energy dispersive X-ray detector. For this purpose, sections were carbon-coated and examined with an electron beam current of 0.6 nA at an accelerating voltage of 20 keV. We used the whole-section X-ray maps of Zr and P to locate Zr-bearing minerals and apatites, respectively. Given the low resolution at which the samples were mapped, we could only identify Zr-rich phases and phosphates that were larger than about 20 μm. Subsequently, we acquired high-magnification BSE images of areas containing the Zr-bearing minerals and apatites. Semiquantitative energy dispersive spectra (EDS) were recorded on each phase to check the chemical compositions to aid in phase identity.
To determine the distribution of Zr-rich mineral grains in NWA 7034, a Hitachi SU6600 field emission (FE)-SEM housed at the University of Western Ontario was used to identify and locate zircon, baddeleyite in carboncoated thick and thin sections. The instrument is equipped with Oxford INCA-Feature software and an XMax large area silicon drift detector. The sample surface was subdivided in tiles at 150X magnification and mapped at beam voltage of 15 keV and a working distance of 10 mm. Beam rastering of the tiles allowed identification of grains as small as 1 μm using the criteria of (1) preset BSE intensity range and (2) EDS spectra acquired by using a dwell time of several seconds. This high-resolution zircon and baddeleyite mapping provided better constraints on the distribution of Zr-rich phases in NWA 7034 than the low-resolution mapping we conducted by using the FEI Quanta 3D-FEG dual beam focused ion beam (FIB) scanning electron microscope (SEM). Grain dimensional data and stage coordinates were recorded, and then symbolized by using an ArcMAP platform following manual data quality assessment. Note that in the population of the smallest zircon grains, a minor component (estimated 10%) could be misidentified as baddeleyite as these grains approach the~1 μm diameter of the EDS activation volume, and hence, Si from the matrix may appear in the target spectrum. Full details of these methods are available in Moser et al. [2013] .
Focused Ion Beam and Transmission Electron Microscopy
Detailed mineralogical, structural, and textural characterization of five regions of interest within the NWA 7034 groundmass were selected to understand the variety of submicron textures exhibited among the various macroscale (i.e., identified through petrographic analysis) textural regimes in NWA 7034, including the bulk matrix domain (i.e., the interconnected groundmass that is interstitial to the clasts in NWA 7034) and interfaces between the bulk matrix domain and various clast types in NWA 7034. These regions of interest were investigated by transmission electron microscopy (TEM) at NASA Johnson Space Center (JSC). Prior to TEM work, cross sections were extracted from the NWA 7034 thin section by an in situ lift-out technique by using the FEI Quanta 3D-FEG scanning electron microscopeed (FIB) instrument at NASA JSC. Prior to the FIB section preparation, the samples were coated with carbon. A high-quality carbon layer of 30 to 100 nm provides some initial surface protection to ion milling and makes the sample conductive. The sample was inserted into the SEM/FIB instrument along with a TEM Cu-grid by standard SEM sample mounting techniques to provide a conductive bulk sample in the FIB. After locating the exact region of interest, an additional protective layer of 2 μm wide and 2 μm thick carbon was deposited as a strip across the area of interest prior to FIB sample preparation to minimize ion beam damage. Trenches, about 5 μm wider than the carbon strip, were milled on either side of the carbon-coated region at 52°stage tilt or 90°angle with respect to the ion beam, leaving a region of interest as a slice about 3 μm in thickness. The trenches were milled sufficiently deep below the region of interest in order to avoid the ion beam damage of the next milling steps to the area. The exposed section was cut partially free by milling the sides and the bottom of the section at 7°stage tilt using the primary ion beams to release the sample by a tungsten needle. The specimen was welded to the needle and milled free from the substrate at 0°stage tilt. The extracted slice was lifted out by using a micromanipulator and mounted onto a TEM grid for final FIB thinning to electron transparency (approximately 60 nm thick). In the following step, the specimen was thinned from both sides gradually by using a 30 keV ion beam and a current of 30 pA. In order to avoid damage in the final lamella, the ion-beam energy was progressively lowered during the process down to low-keV milling (about 2 keV) at the final stage of cleaning on both sides of the specimen.
The FIB sections were characterized in detail by using bright-field (BF) and darkfield (DF) images, highresolution (HR) images, and selected area electron diffraction (SAED) obtained by using a JEOL 2500SE field emission scanning transmission electron microscope (FE-STEM) equipped with a Noran thin window energydispersive X-ray (EDX) spectrometer operating at 200 keV. Digital TEM images were acquired and processed by using GATAN Digital Microscopy Suite® imaging software. BF and DF imaging was carried out across the entire area of each section at different magnifications by using the high-angle annular darkfield (HAADF) detector that allows chemically sensitive imaging. The BF detector collects the same signal as the TEM bright-field image and exhibits largely crystallographic information; however, if electrons scattered to high angles (larger than the low-index Bragg reflections) are primarily collected, an annular darkfield (ADF) image is acquired. The HAADF signal is directly proportional to the density and thickness of the specimen and
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proportional to Z 3/2 , where Z is the atomic number, meaning the heavier the atom, the higher the intensity of the scattering, which leads to atomic number (Z) contrast in the image. In addition, SAED and EDX were carried out on each phase to measure its chemical composition. SAED patterns were measured for the phase identification and verified by comparing the measured SAED patterns to known structure types. Elemental distributions were obtained by EDS X-ray intensity maps by using STEM raster mode with scanned probe sizes of 2 nm and a dwell time of 50 μs/pixel to limit beam damage and element diffusion during the experiments. The size of the rastered area was typically 256 × 204 pixels at a magnification that was optimized to limit over or undersampling with the 2 nm probe. The large solid angle of the microscope combined with a large active area detector results in spectrum images where each pixel in spectrum images contain a full high-count EDX spectrum that enables one to determine the quantitative element abundances in addition to displaying the spatial distribution of major and minor elements. Successive image layers of each region were acquired and combined in order to achieve better than 10% counting statistics for major elements in each pixel. Quantitative abundances for the mineral phases and element line (zoning) profiles were extracted from the spectrum images. Data reduction was performed by using the Cliff-Lorimer thin film approximation with experimental K-factors determined from a variety of standards.
Electron Probe Microanalysis of Zircon, Baddeleyite, and Apatite
Major and minor element abundances of zircon, baddeleyite, and apatite were determined by using the JEOL 8200 Superprobe run by the Probe for EPMA software at the Institute of Meteoritics, University of New Mexico. All of the zircon and baddeleyite analyses were collected on a single sample of NWA 7034, University of New Mexico (UNM) section 2,2. Zircon and baddeleyite were analyzed with a 15 keV accelerating voltage, 30 nA beam current, and a 3-5 μm beam diameter. Count times were 30 s on peak for major elements and 60 s on peak for minor elements, and backgrounds were counted for half the peak counting time.
Standards were a mix of both natural and synthetic minerals and oxides. All apatites were analyzed by using a 15 keV accelerating voltage, 20 nA beam current, and a 3-10 μm beam diameter following previous procedures and standardizations established by our group for the analysis of apatite in planetary materials by electron microprobe [i.e., McCubbin et al., 2010 [i.e., McCubbin et al., , 2011 [i.e., McCubbin et al., , 2013 . We also used the JEOL 8200 Superprobe to collect BSE images of apatites and zircons that were analyzed by secondary ion mass spectrometry (SIMS) using the same beam conditions as those described above for the analysis of zircon, baddeleyite, and apatite, respectively.
Wavelength Dispersive Spectroscopic X-ray Imaging
Qualitative X-ray map of Clast 78 and its immediate surroundings from Santos et al. [2015] were collected by using the JEOL 8200 Superprobe run by the Probe for EPMA software located at the Institute of Meteoritics, University of New Mexico. Qualitative K α X-ray maps were made in a single accumulation by utilizing five wavelength dispersive spectroscopic spectrometers simultaneously. K α X-ray maps of Mg, Ti, Si, Ca, and Fe were made at an accelerating voltage of 15 keV and a beam current of 30 nA. Dwell times were 100 ms, and pixel sizes were 1 μm. Resultant maps were interpolated, and the color contrast was adjusted in some cases to best show the details of the zoning patterns and elemental distributions. Therefore, identical color levels in the maps presented here are not necessarily correlated to identical concentrations in maps of the same element in different regions.
Raman Spectroscopy and Multispectral Imaging
In order to determine the identity of the ferric oxides associated with pyrite in NWA 7034, Raman spectra and images were collected at the Geophysical Laboratory, Carnegie Institution of Washington, using a Witec α-Scanning Near-Field Optical Microscope that has been customized to incorporate confocal Raman spectroscopic imaging. The excitation source is a frequency-doubled solid-state yttrium/aluminum/garnet laser (532 nm) operating between 0.3 and 1 mW output power (dependent on objective), as measured at the sample by using a laser power meter. Objective lenses used included a 100X long working distance (LWD) and a 20X LWD with a 50 μm optical fiber acting as the confocal pinhole. Spectra were collected on an Peltier-cooled Andor Electron Multiplying Charge Coupled Device chip, after passing through an f/4 300 mm focal length imaging spectrometer typically by using a 600 lines per millimeter grating. The lateral resolution of the instrument is as small as 360 nm in air when using the 100X LWD objective, with a focal plane depth of~800 nm.
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This instrument is capable of operating in several modes. Typically, 2-D imaging and single spectra modes were used during this study. Single spectra mode allows the acquisition of a spectrum from a single spot on the target. Average spectra are produced typically by using integration times of 30 s per accumulation and 10 accumulations to allow verification of weak spectral features.
The pyrite-rich target areas were identified on the thin section by using both transmitted and reflected light. Before analysis, the microscope was switched to reflected light and refocused to the surface, at which point X, Y, and Z piezos of the stage were reset. Switching back to transmitted light then allows an accurate measurement of the depth of the feature of interest. The height and width of the field of interest within the light microscopy image were then measured and divided by the lateral resolution of the lens being used to give the number of pixels per line. The instrument then takes a Raman spectrum (0-3600 cm À1 using the 600 lines per millimeter grating) at each pixel using an integration time of between 1 and 6 s per pixel. A cosmic ray reduction routine was used to reduce the effects of stray radiation on Raman images, as was image thresholding to reject isolated bright pixels. Fluorescence effects were inhibited by the use of specific peak fitting in place of spectral area sums and by the confocal optics used in this instrument. This produces an average spectrum over the number of pixels chosen in the area of interest. In a typical scan at 100X of a 30 μm 2 area, 100 × 100 pixels were scanned amounting to 10,000 separate and spatially aligned Raman spectra, from which average spectra from areas of interest were generated to ascertain the presence or absence of a certain peak. Standard spectra of hematite, göethite, magnetite, and maghemite were obtained from the papers of Wang et al. [2004a Wang et al. [ , 2004b and Cooney et al. [1999] as well as an internal Raman database and the database provided by the RRUFF project (www.rruff.info). sured by peak hopping using a discrete dynode electron multiplier. The exit and collector slits of the mass spectrometer were adjusted to achieve a mass resolution of 7000 at 10% peak height. Raw data were corrected for background and 25 ns collector deadtime, and reduced using Squid 2.51 [Ludwig, 2009] et al., 1995] with calibration to the 1096 Ma AS3 standard zircon [Schoene et al., 2006] . Analyses of Temora-2 zircon on a separate mount during the U-Pb session for NWA 7034 zircon yield a 207 Pb-corrected age of 426 ± 8 Ma (95% confidence, n = 10/10, mean square weighted deviate (MSWD) = 1.4), which agrees well with an age of 418.4 ± 0.1 Ma from thermal ionization mass spectrometry [Mattinson, 2010] . 235 U/ 207 Pb ratios are calculated assuming 238 U/ 235 U = 137.82 [Hiess et al., 2012] . Dates were calculated by using Isoplot v. 3.7 [Ludwig, 2008] . Common Pb-corrected ratios and dates assume a modern composition from Stacey and Kramers [1975] and that common Pb is derived from surface/fracture contamination of the zircon during mount preparation. Trace element analyses of zircon were conducted separately from the U-Pb dating using the acquisition protocol described in Grimes et al. [2007] , with a 2.5 nA primary beam of negative O 2 ions, and with the mass spectrometer tuned for a mass resolution of 10,500 to resolve potential interferences. Reported concentrations for trace elements are calculated by using secondary ion intensities normalized to 30 Si + with calibration to zircon standards 91500 (rare earth element (REE), P, Nb, Hf, Pb, U, and Th) and SL-13 (Ti) using values from Wiedenbeck et al. [1995 Wiedenbeck et al. [ , 2004 , and Hiess et al. [2008] .
SHRIMP-RG U-Pb and Pb-Pb Dating and Trace Element Analysis of Apatite
U-Pb analyses of apatite were conducted with the Stanford-USGS SHRIMP-RG ion microprobe by using añ 5.0 nA primary beam of negative O 2 ions. The sample surface was rastered for 60 s prior to measurement of secondary ions. The mass analyzer was tuned for mass resolution of~8000 in order to resolve potential isobaric interferences. Similar to the protocol for zircon analyses, measured U/Pb ratios for apatite were corrected with a UO + /U + -Pb + /U + calibration scheme as described by Terada and Sano [2012] and using the Journal of Geophysical Research: Planets
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MAD1 apatite standard dated at 487 Ma by isotope dilution thermal ionization mass spectrometry [Thomson et al., 2012] . Raw data were corrected for background and 25 ns collector deadtime, and reduced using Squid 2.51 [Ludwig, 2009] For U-Pb isotope analysis, the primary beam was rastered over 2 μm × 2 μm or 3 μm × 3 μm areas, depending on the target size and zoning features. Secondary ions emitted from the sample were extracted through the entrance (ES) and aperture (AS) slits. In this study, we used ES-3 and AS-1, which resulted in a net relative transmission of secondary ions of 40% and allowed us to achieve a mass resolving power of~5000 (Cameca definition, equivalent to a mass resolution of~3500), sufficient to isolate the major HfSi interferences from the Pb isotopes. Analyses were carried out by using the NanoSIMS combined mode: the magnetic field was switched to measure background (203. Pb. Waiting time between each field switching was set to 0.5 s. Before analysis, the probe was rastered over a 6 μm × 6 μm area for~5 min to remove any potential surface contamination. Secondary ions were then collected for 14 cycles of the sequence described above, resulting in a total analysis time of~23 min. Automatic centering was performed on the 90 Zr 2
16
O peak at the beginning of each analysis and repeated halfway through each run. The secondary ion signals were processed by using the NanoSIMS DataEditor software developed by Frank Gyngard (Washington University, St Louis, USA), and isotope ratios were calculated from total counts. [Wiedenbeck et al., 1995] . The best fit line corresponded to a power law relationship with an exponent of~2.2, which is consistent with the proposition of Claoué-Long et al. [1995] that the exponent should be around 2. Similarly, U and Pb concentrations in unknown samples were derived from the relationship relating the measured 206 Pb + /Zr 2 O + and UO + /U + ratios in the 91500 reference zircon (U = 80 ppm, Pb = 15 ppm). All the Pb isotopes have been corrected for common Pb contribution using the measured 204 Pb/ 206 Pb ratios and a present-day common Pb composition using the two-stage model of Stacey and Kramers [1975] . This procedure assumes that all the measured 204 Pb has been introduced in the sample while it was residing on Earth's surface or during sample handling and preparation. We applied the same protocol for baddeleyite U-Pb dating, using the 2060 Ma Phalaborwa baddeleyite (U~530 ppm, Pb~200 ppm [Heaman, 2009] [Heaman, 2009] . All the final date calculations were carried out by using the Isoplot 3.7 add-in for Excel [Ludwig, 2008] .
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3. Shape and Size Analysis of Clasts
Image Analysis
To constrain the depositional processes of the components that make up the NWA 7034 breccia, we analyzed the shape and the size distributions of various clast types that were identified based on compositional and textural differences, including igneous textured clasts, mineral clasts, melt clasts, and protobreccia clasts (Figures 1 and S1-S4 in the supporting information; detailed methods are available in the supporting information). However, we did not consider impact melt clasts in the shape analysis because the sections that we investigated contained too few clasts to allow meaningful analysis. Detailed information for the designation and description of each clast type will be provided later in section 4. Grain contours were manually traced on four thin sections of the meteorite ( Figures S1-S4 ). Grains that were on the border of a thin section were excluded from the analysis, since their shape might be affected by this position. The yellow, green, and magenta contours have different average resolutions on the images-i.e., a different number of pixels per grain contour-because of their different sizes. It is known that roundness, R, is affected by the number of pixels around the contour [Manga et al., 2011] . To allow comparison of contours among different grain populations, we reduced the resolution of images to the lowest observed value in the data set, 160 pixels per contour. This was accomplished by applying a bicubic resizing method to the images, where the output pixel value is a weighted average of pixels in the nearest 4 × 4 neighborhood ( Figure S5 ).
In order to create naturally shaped rock fragments for comparison to the meteorite contours, we crushed limestone blocks with a hammer to generate fragments in the size range of a = 15-35 mm ( Figure S5 ). After imaging the fragments on a high-contrast, rigid board, the image was thresholded and the resolution reduced to an average of 160 pixels per contour, as described above ( Figure S5 ). We note that the image resolution for the fall-deposit pumice clasts was not reported in Manga et al. [2011] ; however, it is likely larger than the average of 160 pixels per contour we applied. This may be one reason for the relative difference shown in Figure 2 between the values of the pumice clasts, and those associated with the limestone fragments and NWA 7034 clast contours.
Analyzing grains in a thin section requires some assumptions. Real particles are three-dimensional objects with axis lengths a > b > c. When plotting the axis ratio data in Figure 2 , we assume that the three-dimensional grain contours we observe on the thin sections of the meteorite correspond to the a-b plane of the threedimensional grain. However, the orientation can be different, which may result in an underestimate of the axis lengths. An additional caveat in comparing data is that the contours of the limestone fragments and fall deposits are the maximum projection of three-dimensional grains, while the NWA 7034 clast contours are an arbitrary two-dimensional slice. While this difference is known to affect measured size and shape parameters [Jutzeler et al., 2012] , their quantitative influence is not well understood at present. This factor likely introduces an additional, but unknown, error when comparing NWA 7034 data to other systems. The reasonable agreement of the NWA 7034 size-shape curve with terrestrial fragments (Figure 2 ), however, suggests that this error is small.
Expected Size Distribution for Fragments
The coarse tail of the meteorite size distribution can be well approximated by a power law with an exponent of γ ≈ 4 ( Figure 2 ). Brittle fracture theory predicts that the mass distribution of fragments should follow a power law decay with an exponent γ ¼
2DÀ1
D , where D is the dimensionality of the system [Aström, 2006; Kekäläinen et al., 2007] ; for our three-dimensional case, D = 3. Since size scales as the one-third power of mass, we expect that the size distribution of fragments should exhibit γ ¼ 3 2DÀ1 D [Hartmann, 1969] , which translates to γ = 5. Terrestrial pyroclastic fall deposits usually show exponents smaller than this value; Kaminski and Jaupart [1998] report a range of γ = 4.0-4.9 from an extensive compilation of data. We note that their reported exponents are for the cumulative size distribution N(a > r)r À β, where N is the number of particles for which axis length a is greater than r; the relationship between the exponents of their cumulative plots and our histogram is β = γ À 1 [Hartmann, 1969] .
Results
Petrography of the Bulk Matrix of NWA 7034
NWA 7034 consists of a fine-grained interconnected groundmass that hosts a wide variety of clasts (Figures 1 and S1-S4). The interconnected groundmass that comprises NWA 7034 is referred to as the bulk-matrix
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domain [Muttik et al., 2014; Nyquist et al., 2016; Santos et al., 2015] of the meteorite. Across the two FIB sections containing bulk matrix that we investigated, the materials studied in NWA 7034 are very similar to each other in terms of texture and mineralogy at the submicron scale. The bulk-matrix domain is composed of submicron-(0.1-1 μm) sized equigranular plagioclase, pyroxene, magnetite, ilmenite, and Cl-rich (Figures 2 and 3) . Several plagioclase and pyroxene grains are twinned (e.g., Figure 3i ), and some of the matrix regions are locally enriched in pyrite (e.g., Figure 3h ). Figure 2 . Shape and size data of grain contours in meteorite NWA 7034. Axis ratio b/a is the ratio of the smallest (b) to the longest (a) axis; roundness is defined as R = 4πA/P 2 , where A is the area enclosed by the grain contour and P is the perimeter of the contour [Blott and Pye, 2008] . For a perfect circle R = 1, whereas for any other cross-sectional shape R < 1. (a) Relationship between a and b/a of igneous textured clasts (yellow outlines) and mineral clasts (green outlines) resemble the common relation found for fragmented rocks in Domokos et al. [2015] (gray data sets with x symbols). Well-rounded limestone clasts (gray data set with triangles, limestone fragments abraded in the laboratory from Szabó et al. [2015] ) show a similar shape-size realationship but the curve is shifted upwards. (b) Mean ± standard deviation of R for igneous textured clast (n = 95), mineral clast (n = 434), and protobreccia clast (n = 35) outlines, as well as for fall-deposit pumice clasts from Manga et al. [2011] (black, 1A-6A) and for fragmented limestone clasts (n = 81) produced in the laboratory [Szabó et al., 2015, blue, 7A,] . The pumice clasts originate from four volcanoes: 1A Mount St. Helens (n = 20), 2A Taupo (n = 20), 3A Lassen (n = 20), 4A Medicine Lake 12.5+ mm (n = 40), and 5A Medicine Lake 8-9.5 mm (n = 40), 6A Medicine Lake 12.5+ mm with 20% ash air fall (n = 20). 1A-2A fragments were mechanically created in the laboratory, while 4A-6A are falldeposits (for details, see Manga et al. [2011] ). Note that R depends on image resolution, which is identical (by design) for the Mars and limestone fragments but is higher for the Manga et al. [2011] data; thus, the relative differences between these data may be due to resolution. Well-rounded, abraded pumice (1B-6B [from Manga et al., 2011] ) and limestone clasts (7B [from Szabó et al., 2015] ) have a notably higher R value. (c) Size distribution of the green and yellow meteorite outlines with a fitted lognormal distribution with parameters μ = À1.158 = ln (0.314 mm), σ = 0.431 = ln (1.539 mm) (green) and μ = -0.646 = ln (0.524 mm), and σ = 0.451 = ln (1.569 mm) (yellow). Due to limited image resolution, only particles with a > 0.1 mm were outlined. Inset shows the size distribution on log-log scale with a reference power law slope of γ = -4, a common value for pyroclastic deposits (see text).
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These textural properties are most consistent with a granoblastic texture. The magnetite is associated with maghemite in some cases [Muttik et al., 2014] (Figure 3) . Additionally, high-resolution TEM images reveal minor phyllosilicate fringes with basal spacings measuring 10-11 Å consistent with saponite (a type of smectite) along the edges of some matrix pyroxene grain boundaries (Figure 3f ), which was also observed by Muttik et al. [2014] . The bulk matrix is holocrystalline with no glass or amorphous phases. Olivine was absent from all of the bulk matrix portions of NWA 7034 analyzed in the present study.
Petrography of the Clasts Within NWA 7034
The clasts range in size from approximately 10 μm to greater than a centimeter in diameter (Figures 1 and S1-S4 ), and they are primarily composed of the same minerals that make up the bulk matrix domain, although there is also alkali-rich feldspar, zircon, baddeleyite, chromite, olivine (rare), pyrite, and merrillite (rare) in the clasts [Leroux et al., 2016; Lorand et al., 2015; Santos et al., 2015; Shearer et al., 2015; Udry et al., 2014] . Two broad categories of clasts are observed, characterized here as igneous or sedimentary in origin. The term igneous clast here is used broadly to include crystallization products from magmas, lavas, or impact melts. We do not attempt to distinguish further among these three possibilities in the present study. The term sedimentary clast here is used broadly to include any clasts that are composed of preexisting solid materials that have been plastered together and reconstituted into a coherent lithic mass that is distinct from the bulk matrix domain in NWA 7034. Importantly, this definition of sedimentary is inclusive of clastic rocks that have come together through bed load transport, pyroclastic processes, and/or impact processes. We will later use the results obtained in the present study to differentiate among these disparate processes.
The igneous clasts are composed of either a single mineral grain or a poly-phase assemblage. Petrographic descriptions of these clasts have been reported previously [Humayun et al., 2013; Nyquist et al., 2016; Santos et al., 2015; Udry et al., 2014; Wittmann et al., 2015] , and our observations are similar to those reported in previous studies. The single mineral clasts include clinopyroxene, orthopyroxene, plagioclase, K-rich alkali feldspar, Ti-magnetite, chromite, ilmenite, zircon, baddeleyite, pyrite, Cl-rich apatite, and merrillite. The polyphase igneous clasts are composed of either holocrystalline clasts exhibiting igneous textures or vitrophyric clasts that appear to be rapidly quenched partially crystallized melt products that exhibit highly rounded or amoeboid shapes Udry et al., 2014] . The spherical shapes of many vitrophyric clasts indicate postquench deposition subsequent to formation by suspended transport resulting from impact or volcanic processes [Wittmann et al., 2015] . The amoeboid-shaped vitrophyric clasts, which are identical in texture and composition to the spherical vitrophyric clasts, were likely deposited in a partially molten state, which caused deformation during deposition [Wittmann et al., 2015] . In addition to the rare occurrence of olivine, the poly-phase igneous clasts are composed of the same mineralogy as the single-mineral clasts. Petrologic descriptions of all the poly-phase igneous clast types have been reported previously in great detail [Agee et al., 2013; Bellucci et al., 2015; Humayun et al., 2013; Lorand et al., 2015; Nemchin et al., 2014; Nyquist et al., 2016; Santos et al., 2015; Udry et al., 2014; Wittmann et al., 2015] , so we will not duplicate those efforts here. However, one of the alkali basalt clasts (Clast 78) that was described by Santos et al. [2015] is investigated further in this study because it hosts zircon that is large enough for radiometric dating (smallest grain is approximately 20 × 7 μm; Figures S9e and S10 ). In addition, the previous studies have not described the submicron textures of the vitrophyric clasts, so we will report new results based on our FIB and TEM investigation to fully characterize the textures exhibited by the vitrophyric clasts and how they compare to other submicrometer domains within NWA 7034.
The sedimentary clasts are geochemically distinct from the interconnected groundmass of the NWA 7034 breccia (e.g., Figures 1 and S1-S4 ), although they are texturally similar. The sedimentary clasts have not been described in great detail previously, so we expand upon their descriptions here. The sedimentary clasts are best described as clastic lithologies, which were reported as siltstones in paired meteorite NWA 7475 [Wittmann et al., 2015] . Wittmann et al. [2015] identified two siltstone clasts, one coarse sand and one very coarse sand in size (0.9 and 1.4 mm, respectively) in NWA 7475 that are composed primarily of pyroxene fragments that are~5 μm in size. In the present study, we have identified 53 of these sedimentary clasts in the four sections of NWA 7034 that we have examined (Figures S1-S4 ). The clasts can be distinguished from the bulk matrix domain based on their distinct textural and compositional features. Specifically, there is commonly a difference in clast distribution, and there are typically compositional differences that stand out in elemental X-ray images (Figures S1-S4 Figures 3d and 3e displaying X-ray intensity of three elements overlaying each other. Red is Ca, Green is Si, and Blue is Mg (Figure 3g) . Red is Fe, Green is Si, and Blue is S (Figure 3h ). (i) HRTEM image of nano-twinned plagioclase within the bulk matrix domain.
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that range in size from medium sand (smallest sedimentary clast is 380 μm in the longest dimension) to medium gravel (largest sedimentary clast is 13 mm in the longest dimension). We note here, however, that hand samples of NWA 7034 have some cobble-sized clasts that are texturally similar to the sedimentary clasts based on optical microscopic examination ( Figure S6 ), but these clasts are not described in the present study. Additionally, there are sedimentary clasts that are equal to and smaller than the mediumsand-sized clasts; however, the resolution of our full section images used for clast identification and grain contouring ( Figures S1-S4 ) limited identification of sedimentary clasts to larger than about 200 μm (i.e., Figure S7 ). Consistent identification of sedimentary clasts that are smaller than 200 μm would require targeted fine-scale X-ray mapping, which we considered to be beyond the scope of the present study. The sedimentary clasts are composed of lithic clasts and a submicron groundmass similar to the bulkmatrix domain in NWA 7034. Given that these clasts have both a matrix component and a clast component, we will describe each of these textural regimes independently. Furthermore, the sedimentary clasts appear to be previously lithified portions of Martian regolith, so, going forward, we refer to these sedimentary clasts as protobreccia clasts after previously established nomenclature [Muttik et al., 2014; Nyquist et al., 2016; Santos et al., 2015] .
Submicron Petrography of Vitrophyric Clasts
We identified a total of eight vitrophyric clasts in the four sections of NWA 7034 that we have examined (see the cyan clast outlines in Figures S1-S4 ), although they are reported in higher abundances in paired meteorite NWA 7475 [Wittmann et al., 2015] . Udry et al. [2014] described the mineralogy and geochemistry of a vitrophyric clast from NWA 7034, but they did not examine the clast at the submicron scale. We prepared a FIB section from the inner portion of one of the vitrophyric clasts that was embedded in the bulk matrix domain of NWA 7034 (Figure 4a ) in order to gain an improved understanding of its texture and mineralogy. The textural characteristics of the extracted FIB section (Figures 4b-4h ) are essentially identical to textures exhibited by the bulk matrix domain described above ( Figures 4b and 4c) ; however, the mineralogy is distinct. The vitrophyric clast consists mostly of rounded to subhedral crystals of low-Ca pyroxene and plagioclase feldspar with heterogeneously distributed Fe-oxide phases. The silicate-rich portions of the clast exhibit the same granoblastic texture as those observed in the bulk matrix domain (Figure 4g ). TEM images and electron diffraction patterns confirm that pyroxene and plagioclase grains are single crystals ranging in grain size from 100 nm to 1 μm. There is a heterogeneous distribution of Fe-oxide phases in the vitophyric clast compared to the bulk matrix domain. The vitrophyric clast has nanophase Fe-oxide (magnetite and maghemite) crystals with variable morphologies and textures embedded in pyroxene and plagioclase grains. In addition, ilmenite was interspersed with maghemite and magnetite (Figure 4h ). The dominant Fe-oxide phases occur as well-crystallized, irregularly shaped crystals up to 1 μm in size. However, in addition to the rounded magnetite and maghemite phases, banded rims of maghemite surround the round crystals of magnetite (Figure 4d ). In addition, we observed regions of fine-grained phyllosilicates along pyroxene grain boundaries. High-resolution TEM images show basal spacings measuring 10-11 Å, consistent with saponite. Despite the vitrophyric texture exhibited by the clast, we did not detect any glass or amorphous phases, indicating that the vitrophyre has been completely devitrified.
Protobreccia Matrix
We examined the groundmass of the protobreccia clasts as well as the interface between protobreccia clasts and the bulk matrix domain by scanning electron microscopy as well as in three FIB sections (Figures 1 and 5) . The protobreccia matrix is composed of fine-grained, crystalline mineral phases, similar in texture and mineralogy to the bulk matrix domain. The protobreccia clasts have a well-defined interface with the bulk matrix domain (Figures 5a-5e ) that is discerned by coarser grain sizes of the matrix in the protobreccia clast as well as a lower abundance of Fe-oxides compared to the bulk matrix domain ( Figure 5 ).
The protobreccia matrix is composed of variable amounts of Fe-Ti oxides embedded in a groundmass of plagioclase and pyroxene ( Figure 5 ). Fe-Ti oxides are mainly magnetite and maghemite with less common occurrences of ilmenite. Chlorine-rich apatites are present as rounded, subhedral crystals that are approximately 300 nm in size. The protobreccia matrix exhibits a granoblastic texture, with interlocking grain boundaries at 120°. The pyroxenes in the protobreccia matrix range in grain size from 100 nm to 2 μm and plagioclase grain sizes range from 100 nm to several μm (Figures 5f-5i) . Consequently, the average grain sizes of the protobreccia matrix are larger than the bulk matrix domain (Figures 3 and 5) . Plagioclase is the primary feldspar, and there are minor occurrences of phyllosilicates, comparable to the saponite that was reported in the vitrophyric clast.
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In addition to the groundmass and clasts, one of the large protobreccia clasts hosts veins of Fe-oxides that crosscut clasts and matrix and terminate at or before the interface between the protobreccia clast and bulk matrix domain (Figures 5 and 6 ). These veins are approximately 1-10 μm wide and up to several millimeter in length ( Figure 6 ). They are composed primarily of magnetite, with minor amounts of Cr, Mg, and Ti as determined by SAED and energy-dispersive analysis of X-rays, respectively ( Figure 6 ). These veins can be traced to altered mineral clasts within the protobreccia clasts, where Fe-oxides have partially replaced pyroxenes (Figures 5 and 6) . Additionally, some of the veins can be traced to pyrite-rich domains within the protobreccia clast, where pyrite is hosted by pyroxene (Figures 6-8 ) and pyrite cores are surrounded by banded rims of magnetite and maghemite (Figures 7 and 8) . Pyrite, magnetite, and maghemite were each identified by both SAED and Raman spectroscopy (Figures 7 and 8 ). These secondary alteration textures are not present within the bulk matrix domain within the sections of NWA 7034 that we have examined, although altered clasts of pyrite without associated magnetite veins do occur within the bulk matrix domain [Lorand et al., 2015; Muttik et al., 2014] (Figure 8 ). In total, we identified 23 distinct sites within seven protobreccia clasts that exhibit evidence of secondary alteration. These regions are outlined in orange in Figures S1-S4. 
Clasts Within Protobreccia Clasts
The clasts within the protobreccia clasts typically exhibit silt-sized to fine sand-sized grain sizes, although the protobreccia clasts host clast sizes that range from silt to very fine gravel. However, given the preponderance of clast sizes in the silt and sand size range, the protobreccia clasts in NWA 7034 are characterized as poorly (g and h) EDX spectrometry maps from yellow-dashed region in Figures 4e and 4f displaying X-ray intensity of three elements overlaying each other. Red is Fe, green is Mg, and blue is Al (Figure 4g ). Red is Fe, green is Ca, and blue is Ti (Figure 4h ).
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sorted siltstones and sandstones (i.e., silt clasts range from 3.9 to 62.5 μm in size and sand clasts range from 62.5 μm to 2 mm in size), similar to the two siltstone clasts reported by Wittmann et al. [2015] . The sand and silt-sized clasts within the protobreccia clasts are composed of either single mineral grains or poly-phase assemblages, similar to the clasts that occur within the bulk matrix domain of NWA 7034. The mineralogy Figure 5d denotes the field of view for Figure 5e . (f) Bright field image of region within the large protobreccia clast with phases identified as follows: Ap, apatite; Mag, magnetite; Opx, orthopyroxene; Pl, plagioclase. A region analyzed by EDX spectroscopy is identified with a yellow-dashed rectangular outline. (g-i) EDX spectrometry maps from yellow-dashed region in Figure 5f displaying X-ray intensity of three elements overlaying each other. Red is Fe, green is Si, and blue is Mg (Figure 5g) . Red is Mg, green is P, and blue is Al (Figure 5h) . Red is K, green is Fe, and blue is Ca (Figure 5i ).
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Figure 6. Images of Fe-oxide veins in the large protobreccia clast in NWA 7034 UNM thin section 2,2. (a-d) BSE images of four different interfaces between the bulk matrix domain and protobreccia clast. The clast boundaries are demarcated by a solid yellow line, and the bulk matrix domain and protobreccia clast portions of the images are labeled with the terms matrix and clast, respectively. Fe oxide veins are identified with an orange arrow. (e) Bright field image of region within the large protobreccia clast with phases identified as follows: Ap, apatite, Cpx, clinopyroxene; Ilm, ilmenite; Mag, magnetite; Opx, orthopyroxene. (f-h) EDX spectrometry maps from E displaying X-ray intensity of three elements overlaying each other. Red is Mg, green is Fe, and blue is Si (Figure 6f) . Red is Mg, green is Ca, and blue is Si (Figure 6g) . Red is Al, green is Ti, and blue is Cr (Figure 6h ).
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and petrology of the clasts are also very similar to those in the bulk matrix domain [Humayun et al., 2013; Nyquist et al., 2016; Santos et al., 2015; Udry et al., 2014; Wittmann et al., 2015] ; however, there is a higher concentration of zircons and K-rich alkali feldspar clasts in the large protobreccia clast in NWA 7034 section 2,2 in comparison to the clast population in the bulk matrix domain of NWA 7034 as determined by electron backscatter diffraction (EBSD) mapping and X-ray mapping of potassium, respectively (Figure 9 ). Additionally, some of the mineral clasts in the protobreccia clasts exhibit evidence of secondary alteration based on apparent partial replacements by pyrite and magnetite (Figures 6 and 7) .
Grain-Shape Analysis
To constrain the depositional processes that created the bulk NWA 7034 breccia, we analyzed the shape and the size distributions for three particle classes that were identified based on compositional and textural differences: igneous textured clasts (yellow clast outlines; n = 95), monomineralic igneous clasts (green clast outlines; n = 434), and protobreccia clasts (magenta clast outlines; n = 35) (Figures 1 and S1-S4 ; detailed methods are available in the supporting information). We did not consider impact melt clasts in the shape analysis because the sections that we investigated contained too few clasts to allow meaningful analysis. Furthermore, we did not consider any clasts whose boundaries intersected the edge of the thin section. We choose the longest axis length, a, to represent particle size. Only particles with a > 0.1 mm were measured due to limited image resolution. To characterize shape, we consider two commonly used parameters: (1) the "axis ratio" (shortest (b) over longest (a)) and (2) roundness (R) (Figure 2 ). Mean size and shape parameters were computed for all three clast types considered (green, yellow, and magenta); however, full distributions are only presented for the yellow and green grain contours for which sample size (n = 95 and 434, Figure 5b shows the area represented by the TEM images in Figure 7c . (d-f) Energy dispersive X-ray spectrometry maps from yellow outlined region in Figure 7c displaying X-ray intensity maps of three elements overlaying each other. Red is Fe, green is Si, and blue is S (Figure 7d ). Inset image shows an SAED pattern of the pyrite grain. Red is Mg, green is Ti, and blue is Al (Figure 7e) . Red is Fe, green is Ti, and blue is Al (Figure 7f ).
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respectively) was sufficient to analyze distributions. The first important result is that the axis ratio (for yellow and green clasts) decreases systematically with increasing particle size. This trend shows a good quantitative match with the common relation observed for freshly fragmented rocks (Figure 2a ) . Second, in Figure 2b we find that both the average roundness and its standard deviation are equal to or lower than reported values for volcanic pumice fall-deposits [Manga et al., 2011] and also freshly broken limestone fragments created in the laboratory (Figure S5 ). Since roundness of initially angular particles is known to increase rapidly under the action of abrasion [Domokos et al., 2014; Manga et al., 2011; Szabó et al., 2015] (see 1B-7B in Figure 2b ), we conclude that the lithic clasts are fragments that have not experienced significant collisions due to sediment transport.
Particle sizes range from the minimum resolvable value, a = 0.1 mm, up to a few millimeters for the protobreccia clasts (magenta). Mean particle sizes vary slightly among different classes, but they are all in the medium/coarse sand range (0.25-2 mm) with mean ± standard deviation values as follows: 0.58 ± 0.31 mm for the igneous textured clasts (yellow), 0.35 ± 0.20 mm for the monomineralic igneous clasts (green), and 1.21 ± 0.89 mm for the protobreccia clasts (magenta). Particles are poorly sorted by size compared to terrestrial fluvial and aeolian deposits [Friedman, 1962; Jerolmack et al., 2011] . As is observed for virtually all sedimentary deposits (e.g., fluvial [Friedman, 1962] ), particle size histograms are reasonably well fit by a (Figure 2c ). This distribution is known to underfit the tails of most natural deposits, however, which show power law behavior with slopes that are sensitive to transport history [Bagnold, 1941; Jerolmack et al., 2011] . The fine tail cannot be assessed with our data given the size cutoff at a = 0.1 mm, and the monomineralic igneous clasts (green) are the only particle class with a sufficient sample size to assess the coarse tail. Its particle size histogram indicates that for a > 0.5 mm, the data approximate a power law decay with an exponent of approximately γ = 4 (Figure 2c ). Theory predicts an exponent γ = 5 for particles produced by fragmentation [Aström, 2006; Kekäläinen et al., 2007] ; however, fragmentation in nature is often "incomplete," and therefore, the exponent rarely reaches this steady state limit [Kaminski and Jaupart, 1998 ].
Geochronology
A subset of the mineral clasts within NWA 7034 can be utilized to determine age information using the U-Pb geochronological system, including zircon, baddeleyite, and apatite. We identified zircon and baddeleyite within the NWA 7034 bulk matrix domain, as well as zircon grains within one of the medium-gravel-sized protobreccia clasts for subsequent analysis (Figures S8-S10 ). We performed Pb-Pb and U-Pb geochronology in the Zr-rich phases by secondary ion mass spectrometry (SIMS) using a NanoSIMS 50 and a SHRIMP-RG. We also examined the U-Pb systematics (Table S7 ) and trace element chemistry (Table S8) of Cl-rich apatite by SIMS with a SHRIMP-RG (U-Pb) within several petrographic domains in NWA 7034, including the bulk matrix domain, the medium-gravel-sized protobreccia clast, basaltic clasts, FTP clasts (igneous clasts rich in Fe, Ti, and P ), and a vitrophyric clast ( Figures S12-S15) . 4.4.1. SHRIMP-RG U-Pb Dating, NanoSIMS U-Pb Dating, and Chemical Analysis of Zircon A total of three zircon grains were analyzed by SHRIMP-RG for U-Pb dating, and seven grains were analyzed by SHRIMP-RG for trace elements. A total of six zircon grains were analyzed by Nano-SIMS for U-Pb dating, and nine grains were analyzed for major and minor elements by EPMA. Of the grains that were measured for U-Pb dating, two (Zircon 1 and Zircon 4) were measured both by SHRIMP-RG and NanoSIMS. Five of the zircons analyzed for U-Pb dating are crystal clasts that reside in the medium-gravel-sized protobreccia clast ( Figure S8 ), one zircon is hosted by a basaltic igneous clast (Clast 78 from Santos et al. [2015] ) within the medium-gravel-sized protobreccia clast (Figure 10 ), and one zircon grain is a crystal clast that resides within the bulk matrix domain (Figures S8-S10 ). Abundances of HfO 2 (0.76-1.94 wt %; Table S1 ) and Fe 2 O 3 (0.13-3.36 wt %; Table S1 ) were determined for all zircons by using EPMA. The U and Th abundances of the zircon varied widely from 9 ppm to 2780 ppm U and from 7 ppm to 8580 ppm Th (Table S4 ). All of the zircon REE patterns were heavy rare earth element-enriched with La/Yb values ranging from 0.0004 to 0.14, although the higher portion of this range could be skewed due to ion beam overlap with other phases as evidenced by elevated alkali abundances (Table S4 ). Interestingly, Zircon 1 and Zircon 3 have more than 1 wt % K 2 O, which cannot be explained by beam overlap, indicating substantial secondary alteration, possibly related to hydrothermal alteration subsequent to radiation damage.
The U-Pb data from all of the zircons analyzed in the present study exhibited a bimodal distribution in ages. The older zircons were plotted on Wetherill concordia diagrams and yielded a concordant date of 4.43 ± 0.03 Ga (Figure 11a) , and the younger zircons yielded a concordant date of 1.50 ± 0.10 Ga (Figure 11b ). Several U-rich zircon grains (Tables S2 and S3 ) yielded concordant ages of approximately 1.4-1.5 Ga (Figure 11b ), while others plotted along a discordia line with an upper intercept at approximately 4.4 Ga and a lower intercept at around 1 Ga (Figure 11a ). The bimodal distribution in ages correlated quite strongly with the U abundance of the zircon grains ( Figure S11 ), which was also observed previously by Humayun et al. [2013] . We investigated the crystallinity of several zircons analyzed in our study (i.e., Zircon 1, Zircon 2, and Zircon 4), and we determined that both of the young, U-rich zircons are presently amorphous, indicating that they have been metamictized (Tables S2 and S3 ). Furthermore, the old, U-poor zircon remains crystalline (Tables S2 and S3 ).
NanoSIMS Pb-Pb Dating and Chemical Analysis of Baddeleyite
Two baddeleyite grains were analyzed by NanoSIMS, and both grains were individual subhedral to anhedral crystal clasts within the bulk matrix domain (Figures S8 and S9 ). Although baddeleyite is primarily composed of ZrO 2 , it is known to have trace and minor abundances of other elements. Concentrations of Ti, Fe, and Hf were measured by using EPMA, and the U and Pb concentrations were measured with NanoSIMS. Based on the EPMA results, Baddeleyite 1 has 1.58-1.70 wt % HfO 2 , 0.93-1.29 wt % Fe 2 O 3 , and 0.53-0.57 wt % TiO 2 and Baddeleyite 2 has 2.01-2.60 wt % HfO 2 , 0.74 wt % Fe 2 O 3 , and 0.51-0.53 wt % TiO 2 (Table S1 ). Three NanoSIMS
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analyses of Baddeleyite 1 ranged in U abundance from 446 to 732 ppm and in Pb abundance from 341 to 484 ppm (Table S5) , while two analyses of Baddeleyite 2 yielded 121-154 ppm U and 37-93 ppm Pb (Table S5) . Although their dates represent minimum ages, both grains yielded consistent 207 Pb/ 206 Pb average dates of 4.38 ± 0.06 Ga and 4.30 ± 0.08 Ga for Baddeleyites 1 and 2, respectively (Table S5 ). A dashed black tie line connects and Fe-Ti oxide pair that appears to be in equilibrium based on the distributions of Mg and Mn [i.e., Bacon and Hirschmann, 1988] . The temperature and fO 2 of equilibration for the equilibrium Fe-Ti oxide pair were estimated by using the program QUILF [Andersen et al., 1993 ]. An inset box displays a BSE image with a partial overlay of a Ti X-ray intensity map indicating the texture of the Fe-Ti oxides in Clast 78. (b) BSE image of Clast 78 and surrounding protobreccia matrix with phases labeled as follows: Afs, alkali feldspar; Ap, apatite; CPX, clinopyroxene; Ilm, ilmenite; Mag, magnetite; OPX, orthopyroxene; Pl, plagioclase; Zrn, zircon. (c) Mg X-ray intensity map of Clast 78 and surrounding protobreccia matrix.
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SHRIMP-RG U-Pb Dating and Chemical Analysis of Apatite
A total of 17 apatite grains were analyzed by SHRIMP-RG for U-Pb dating across several petrographic domains, including the bulk matrix domain, the medium-gravel-sized protobreccia clast, basaltic clasts, FTP clasts (igneous clasts rich in Fe, Ti, and P ), and a vitrophyric clast ( Figures S12-S15 ). The apatites are subhedral to anhedral in shape, and they are all Cl-rich apatite, as determined by EPMA (Table S6 ). The apatites analyzed in the present study have Cl abundances ranging from 3.42 to 5.31 wt % and F abundances ranging from 0.51 to 1.42 wt % (Table S6) , which is similar to previous reports of apatite compositions in NWA 7034 [Agee et al., 2013; Humayun et al., 2013; McCubbin et al., 2016; Muttik et al., 2014; Nyquist et al., 2016; Santos et al., 2015; Williams et al., 2016] . In fact, many of the apatites measured for U-Pb in the present study were the same grains used by Williams et al. [2016] to determine the chlorine isotopic composition of apatites in NWA 7034. Trace element analyses, including U and Th, were determined by using the SHRIMP-RG. All of the apatites were light rare earth element-enriched with La/Yb values from 2.4 to 15.1 (Table S8 ). The U and Th abundances ranged from 0.6 to 23.7 ppm and 1.4 to 200.6 ppm, respectively (Table S7 ). The U-Pb data from all of the apatite were plotted on a Tera-Wasserburg concordia diagram, and the results indicate an age of 1.49 ± 0.09 Ga (Figure 11c ).
Discussion
Evidence for Oxidized Alkalic Volcanism on Early Mars
Of the seven zircon grains that were dated by the U-Pb system, six of them were crystal clasts that were out of petrologic context. Only Zircon 6 was within an igneous textured clast, although Zircon 5 was also likely within the same clast. (Table S3) , which are fairly imprecise but consistently indicate an ancient crystallization age. The igneous clast that hosts Zircon 6 was petrologically characterized by Santos et al. [2015] as a basalt with 48.76 wt % SiO 2 , and it is identified as Clast 78. Clast 78 has 3.06 wt % Na 2 O and 1.82 wt % K 2 O, which distinguishes this clast as an alkali basalt. In fact, the age of the zircon in this clast indicates that Clast 78 is the oldest basalt from Mars that has been dated in situ.
Alkali basalts are typically olivine-normative and do not contain low-Ca pyroxene, but olivine is not present within Clast 78 and it has approximately 12% low-Ca pyroxene . In fact, the paucity of olivine in NWA 7034 is one of its primary distinguishing features [Agee et al., 2013; Humayun et al., 2013; Santos et al., 2015] . There is some debate as to the cause of the missing olivine in NWA 7034, and it is typically either attributed to elevated oxygen fugacity in the parental magmas or secondary aqueous alteration/oxidation of olivine followed by impact melting and crystallization . Clast 78 has an Fe 3+ /∑Fe of 0.23 , which is attributed to the abundance of Fe-Ti oxides (magnetite and ilmenite) in the clast (Figure 10 ). Using the program QUILF [Andersen et al., 1993] and the Fe-Ti oxide analyses of Clast 78 from Santos et al. [2015] that exhibit an equilibrium distribution of Mg and Mn between ilmenite and magnetite [Bacon and Hirschmann, 1988] , we estimate an fO 2 that is~2 log units above the fayalite-magnetite-quartz buffer and an equilibration temperature of~745°C (Figure 10 ). Given the ancient crystallization age of Clast 78 as well as its elevated fO 2 , we attribute the paucity of olivine in this alkali basalt as a direct consequence of the elevated oxygen fugacity of the parental magmas. In addition, early oxidizing magmatism on Mars is supported by the compositions of ancient surface rocks analyzed by the Mars Exploration Rovers [Schmidt et al., 2013; Tuff et al., 2013] .
Alkali basalts are absent among the much younger shergottite Martian meteorites, but there have been a number of rocks analyzed by Martian rovers that indicate the presence of alkali basalts and more evolved alkalic volcanism on Mars [McSween et al., 2006a [McSween et al., , 2006b Sautter et al., 2015 Sautter et al., , 2016 Schmidt et al., 2014; Stolper et al., 2013] , and some melt inclusion compositions in the chassignites have been used to suggest the occurrence of alkalic volcanism on Mars [Nekvasil et al., 2007 [Nekvasil et al., , 2009 . The ages of the alkali-rich surface rocks have not been determined, but they are inferred to be fairly ancient,~3.65 Ga for the basalts in Gusev Crater [Greeley et al., 2005] and <3.86 Ga for the evolved volcanic rocks in Gale Crater [Farley et al., 2014; Sautter et al., 2015] . The age of the chassignites is younger at 1.3 Ga [Nyquist et al., 2001] .
Although it is difficult to speculate about the origin of the alkali basalt lithologies on Mars without additional data, the ancient date of Zircon 6 in alkali basalt Clast 78 is further evidence that alkalic volcanism on Mars is correlated with ancient ages. This correlation is unsurprising because alkalis are incompatible elements and would be among the first elements to be depleted during partial melting of the mantle in the case of a primary origin for these lithologies. Alternatively, these lithologies could have arisen by crustal contamination of primary magmas by the earliest Martian crust, which is a substantial reservoir for alkalis [McLennan, 2001; Taylor, 2013; Taylor et al., 2010] and is postulated to have been oxidized very early [i.e., Sharp et al., 2013] .
Identification of Precursor Matrix Materials in NWA 7034
The identity of the precursor materials to the submicron groundmass is presently unknown and difficult to discern given the thermal overprinting, but we can begin to place constraints based on the textural and chemical properties of the groundmass combined with knowledge of known Martian surface reservoirs. The submicron nature of the groundmass indicates that the precursor materials had to be composed of amorphous materials or extremely fine submicron dust because thermal processing only increases grain size. The vitrophyric clasts were almost certainly an amorphous glass precursor material based on their macroscopic textures and Fe-rich compositions Udry et al., 2014] linking them to either volcanic-or impact-derived melt spherules. However, the origin of the groundmass material in the bulk matrix domain and the protobreccia clasts has a lower abundance of Fe and do not exhibit macroscopic textures consistent with a quenched melt.
The matrix materials in the bulk matrix domain and the protobreccia clasts could be linked to a Martian global dust component that is ubiquitous on the Martian surface and has been found globally in Martian soils [Bish et al., 2013; Blake et al., 2013; Vaniman et al., 2014] . Orbital and in situ measurements of this material display a remarkably homogeneous chemical composition and suggest that it consists of at least three phases: nanophase iron oxides [Morris et al., 2008] , an amorphous silicate, consistent with altered volcanic glass, and an amorphous sulfate phase [Chipera and Vaniman, 2007; Vaniman et al., 2004] . These amorphous/poorly crystalline materials likely occur both as primary phases, such as volcanic and impact glasses, and as secondary phases, through the alteration of primary minerals [Downs and Team, 2015] . However, the composition of the bulk matrix domain of NWA 7034 and the matrix domain of the protobreccia clasts are a poor match for the global dust component on Mars [Blake et al., 2013; Santos et al., 2015] ; however, they are similar in composition to soils from Gusev Crater analyzed by the Mars Exploration Rover, Spirit [Gellert et al., 2004 [Gellert et al., , 2006 Haskin et al., 2005; Yen et al., 2005] .
Another possibility is that the precursor materials are composed of dehydrogenated Martian alteration minerals that have been identified previously on the Martian surface such as clays, oxides, and carbonates [Bibring et al., 2006; Ehlmann et al., 2008 Ehlmann et al., , 2009 Klingelhofer et al., 2004; Morris et al., 2010; Poulet et al., 2005] . In particular, phyllosilicate-rich materials liberate OH and structurally bound H 2 O upon heating and could crystallize a mineral assemblage similar to that observed in the NWA 7034 matrices, including
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pyroxene-, plagioclase-, and oxide-bearing assemblages depending on the compositions of the clays. However, we note that there is no strong evidence to support this scenario given the absence of evidence of fluid alteration within many of the lithic clasts, which would have been hydrothermally altered by the liberated H 2 O-rich fluid. Importantly, we do not consider the identification of minor saponitic clay as supporting evidence for this model because a terrestrial origin for the saponite cannot be excluded.
The final possibility we consider is that the precursor materials to the bulk matrix of NWA 7034 represent a pulverized mixture of crustal rocks ranging in grain size from approximately 1 μm up to several millimeters, and the fine-grained submicron matrix primarily represents reworked amorphous volcanic and impact glasses with lesser amounts of dehydrogenated alteration minerals. This scenario is somewhat intermediate between the first two scenarios, but there are a number of lines of evidence that support this scenario. First, there is a strong consistency between the major element composition of the bulk matrix domain and the average Martian crust, particularly in the southern highlands [Agee et al., 2013; Humayun et al., 2013; McCubbin et al., 2015; Santos et al., 2015] . Furthermore, NWA 7034 yields a better match than any other Martian meteorite to visible-infrared reflectance spectra of the Martian surface measured from orbit [Beck et al., 2015; Cannon et al., 2015] . Lastly, the mineral assemblages in the submicron groundmass are very similar, in both composition and mineralogy, to the larger crystal clasts within the bulk matrix domain of NWA 7034 [Muttik et al., 2014; Nyquist et al., 2016; Santos et al., 2015] . Consequently, we infer that the bulk matrix domain of NWA 7034 is composed of pulverized crustal material and devitrified amorphous materials that have been sufficiently mixed to the point that they represent a good match to the bulk composition of the Martian crust, similar to terrestrial loess on Earth; however, we note that this material is compositionally distinct from the global dust component analyzed in Gale Crater [Blake et al., 2013] .
Lithification of NWA 7034: Textural Evidence of Thermal Processing
The textures exhibited by the bulk matrix domain at the submicrometer scale within NWA 7034 provide evidence of secondary thermal processing that resulted in partial equilibration of the groundmass materials. This equilibration is characterized by micron to submicron-sized equigranular crystals of plagioclase, pyroxene, magnetite, ilmenite, and Cl-rich apatite that commonly meet at 120°triple junctions (Figures 2 and 3) . The submicrometer grain sizes of the bulk matrix domain suggest, qualitatively, that the heating event responsible for the partial equilibration was either at a high temperature (700-800°C) for a short duration or at mild-moderate temperature (500-700°C) for a long duration, otherwise substantial grain coarsening would have occurred in the bulk matrix domain. Evidence for this thermal event is present throughout the NWA 7034 breccia, based on textures exhibited by the submicron groundmass in a number of clasts hosted by the bulk matrix domain, including the vitrophyric clast as well as the matrix within the protobreccia clasts.
Given the fine-grained, possibly amorphous precursor starting materials of the NWA 7034 groundmass, temperature estimates for the thermal event are comparable to sintering/heating experiments on GEMS (glass with embedded metal and sulfides), which are the major primitive components of interplanetary dust particles. GEMS grains are <0.5 μm in diameter objects that consist of numerous 10 to 50 nm sized FeNi metal and Fe-Ni sulfide grains dispersed in a Mg-Si-Al-Fe amorphous silicate matrix [Bradley, 1994; Keller and Messenger, 2011] . TEM investigations of GEMs show heat-related changes at 700°C and severe transformation at temperatures between 800 and 850°C that leads to melting [Brownlee et al., 2005] . At just about 700°C the typical GEMS texture of silicate glass with fine embedded metal and sulfide transforms to an igneous-like texture of silica rich glass and prominent subhedral to euhedral grains of moderately iron-rich olivine and pyroxene. Based on the experimental results for thermally altered GEMS, the secondary thermal annealing/sintering in NWA 7034 is consistent with a maximum equilibration temperature of approximately 800°C because we do not observe evidence of partial melting in the submicron portions of NWA 7034. The textures exhibited by the submicron groundmass in NWA 7034 are most similar to the experimental results exhibited by thermal alteration of GEMS at 700°C; however, we cannot use this result to further constrain the temperature of the thermal event that annealed NWA 7034 because the duration of the heating event in NWA 7034 is unknown.
Hydrothermal Activity in the Protobreccia Clasts
As discussed previously, the protobreccia clasts represent a prior generation of Martian regolith that has been through the thermal cycling process of regolith formation prior to the formation of the NWA 7034
breccia. The additional thermal cycling is evident by the coarser grain sizes in the protobreccia matrix compared to the bulk matrix domain and the vitrophyric clast ( Figure 5 ). However, the large medium-gravel protobreccia clast in NWA 7034 thin section 2,2 also exhibits strong evidence of having been hydrothermally altered prior to incorporation into the sediments that later lithified to become the bulk matrix domain of NWA 7034. This evidence is characterized by (1) veining of magnetite throughout the clast that crosscuts crystalline clasts and groundmass in the protobreccia, (2) pyrite-pyroxene intergrowths in some crystal clasts within the protobreccia clast, and (3) the presence of patchy secondary Fe-oxides in portions of the groundmass and within several crystal clasts. Of these three observations, the magnetite veins provide the strongest textural information with respect to the timing of hydrothermal activity. All of the magnetite veins either terminate at or before the edge of the protobreccia clast, and the veins crosscut existing clasts in the protobreccia (Figures 5  and 6 ). Both of these observations indicate that the hydrothermal alteration occurred prior to the incorporation of the protobreccia gravel into the sediments that would become the bulk matrix domain of NWA 7034. Furthermore, the hydrothermal activity must have occurred after the lithification of the protobreccia. Given the thermal overprinting that occurred during the lithification of NWA 7034, it is not possible to glean quantitative information on the properties of the hydrothermal fluid without a detailed textural, structural, mineralogical, and chemical study of the alteration domains in the protobreccia clast, which is considered to be beyond the scope of the present study. However, this would be a promising area of future work.
Thermochronology of NWA 7034
The single zircon crystal clast analyzed from the NWA 7034 groundmass (Zircon 4) yielded a concordant U-Pb date of 4.39 ± 0.04 Ga (weighted average 207 Pb/ 206 Pb date from 5 NanoSIMS analyses and 1 SHRIMP-RG analysis; Tables S2 and S3 and Figure 11a ), consistent with previous ancient ages reported for the groundmass materials in NWA 7034 from Sm-Nd isotopic systematics [Nyquist et al., 2016] and previously analyzed zircons [Humayun et al., 2013; Nemchin et al., 2014] . Two baddeleyite crystal clasts hosted by the bulk matrix domain yielded 207 Pb/ 206 Pb dates of~4.3-4.4 Ga (Table S5) , which is consistent with the zircon results. These results indicate that the materials hosted by the bulk matrix domain are ancient and comprise the oldest known Martian crust. Given the overlap in ancient ages for the Sm-Nd and U-Pb systems for the bulk matrix domain, we conclude that the materials that make up the bulk matrix domain have not undergone sufficient thermal processing to reset the ancient ages, which implies that this material remained below approximately 900°C [i.e., Lee et al., 1997] since 4.3-4.4 Ga. However, the textures imprinted on the submicron groundmass of the bulk matrix domain of NWA 7034 are consistent with a maximum sustained temperature of approximately 800°C within the last 4.4 Ga.
The correlation between young or discordant zircon dates, elevated abundances of U ( Figure S11 ), and apparent radiation damage suggests that the 1.5 Ga dates of the zircon resulted from a thermal resetting event subsequent to initial zircon crystallization. The process of metamictization causes the closure temperature of zircon in the U-Pb system to decrease substantially from the typical value of >900°C [Lee et al., 1997] , with self-annealing temperatures as low as 150°C [Meldrum et al., 1998; Mezger and Krogstad, 1997] , leaving the U-rich zircons more susceptible to resetting during a thermal pulse. Consequently, the young dates at 1.5 Ga of the U-rich zircons are likely dating a thermal event, in which Pb was lost from the metamict zircons but retained in the highly crystalline zircons in the groundmass. All of the young zircons were within a single medium-gravel-sized protobreccia clast, which exhibits evidence of hydrothermal alteration prior to its incorporation into NWA 7034, so we could not use our zircon U-Pb results to determine whether or not the Pb-loss event was a specific event experienced solely by the protobreccia clast prior to its incorporation into NWA 7034 or a thermal event that occurred after the deposition of NWA 7034. However, U-Pb dates of apatite were determined for several textural domains in the present study, and it has a fairly low closure temperature (i.e.,~500°C [Dahl, 1997] ), below that of the maximum thermal annealing estimate of 800°C, so apatite can be used to constrain the temperature of annealing.
The U-Pb data for apatite grains across all parts of the NWA 7034 sample (Figures S12-S15) record an~1.5 Ga date ( Figure 11c and Table S7 ). We interpret the young date of the apatite across the entire NWA 7034 breccia as evidence that a breccia-wide thermal event occurred at 1.5 ± 0.1 Ga, likely coinciding with the heating event that lithified the breccia and caused the interlocking, thermally equilibrated texture exhibited by the submicron groundmass in the bulk matrix domain of NWA 7034 (Figures 1 and 3) . Furthermore, the temperature of this breccia-wide heating event is constrained to the range of 500-800°C. Importantly, this interpretation is
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supported by a bulk rock K-Ar study (closure temperature in K-feldspar ≤ 300°C [Foland, 1974] ) of NWA 7034 that recorded a gas retention age of approximately 1.56 Ga [Cartwright et al., 2014] , which is an upper limit based on the assumption that all 40 Ar is radiogenic.
The heating event recorded throughout the NWA 7034 breccia at 1.5 Ga has overprinted any age information that may have been recorded for the hydrothermal activity in the medium-gravel-sized protobreccia clast. Consequently, the only age constraint we can place regarding the timing of that hydrothermal activity is that it occurred between 1.5 and 4.4 Ga.
Depositional Process Responsible for NWA 7034
Based on the size and shape analysis, we can determine the process responsible for the deposition of NWA 7034. The size and shape measures vary somewhat with the different particle classes; however, they are not statistically different; thus, we may infer that while these clasts may have been emplaced at different times and/or from different sources, they were likely emplaced by the same general process. There is one terrestrial sedimentary deposit type that matches all of the observed particle size and shape characteristics described here: pyroclastic falls. These deposits result from explosive volcanic eruptions that eject lithic fragments, which then settle out of the atmosphere [Kaminski and Jaupart, 1998; Walker, 1971] . Measured mean and standard deviation of particle size for the Martian lithic clasts fall within the range of observed terrestrial volcanic pyroclastic fall deposits (fine gravel and sand [Walker, 1971] ). These deposits exhibit a power law tail with γ = 4.0-4.9, but often deviate from this trend for particles smaller than 0.5 mm due to atmospheric loss of ash and finer pumice [Kaminski and Jaupart, 1998 ]. In addition, pyroclasts exhibit sharp, angular, and widely varying shapes, characteristic of fragments [Manga et al., 2011] . Our size and shape data strongly suggest that the clasts in NWA 7034 resulted from atmospheric deposition of fragmented rock. Collisional abrasion must have been negligible due to observed nonroundness, which rules out gravity-driven pyroclastic flows [Manga et al., 2011] , while the poor sorting goes against a base-surge interpretation [Wittmann et al., 2015] . Although NWA 7034 could have resulted from a volcanic pyroclastic fall, this scenario is likely excluded due to the ancient crystallization ages (~4.4 Ga) of many of the breccia components (Humayun et al. [2013] , Nyquist et al. [2016] , and the present study) and the comparitively young age of breccia lithification (~1.5 Ga). However, atmospheric rainout of fragments created by an asteroid or cometary impact would be similar to an explosive volcanic eruption, where the excavated material consists of a mixture of target rocks, so we infer that impact processes were likely responsible for the mobilization and heating of clastic materials that were deposited and subsequently lithified to form the NWA 7034 breccia.
Conclusions: Provenance of NWA 7034 and Implications for Mars
The nonmetamict zircon grains and baddeleyite yield U-Pb dates of approximately 4.3-4.4 Ga [Humayun et al., 2013] (Figure 11 and Table S5 ), and Sm-Nd data from igneous components in NWA 7034 indicate they are equally ancient [Nyquist et al., 2016] . Consequently, we conclude that the Martian meteorite NWA 7034 is primarily composed of ancient crustal materials from Mars that crystallized as early as 4.4 Ga. Despite the ancient age, K-Ar bulk rock data [Cartwright et al., 2014] , U-Pb data in apatite (Figure 11c ), U-Pb data in metamict zircon (Figures 11a and 11b) , and the granoblastic texture exhibited by the submicron groundmass (Figures 1 and 3 ) all indicate that thermal processing has occurred since the crystallization of these phases. In fact, the concordance of dates at~1.5 Ga from radiogenic systems with closure temperatures <900°C argue strongly that the NWA 7034 breccia was lithified by thermal annealing at or before that time. The~1.5 Ga mineral ages are interpreted to date the lithification of NWA 7034 because there is no evidence of earlier high-temperature recrystallization and/or Pb-loss for the 4.4 Ga populations of zircon and baddeleyite. Moreover, the high degree of preservation of primary igneous 4.4 Ga textures precludes a pervasive high-temperature recrystallization history prior to 1.5 Ga. The submicron nature of the bulk matrix groundmass provides permissive evidence that the heating event at~1.5 Ga was concomitant with lithification, otherwise grain sizes would have likely coarsened beyond submicron crystal sizes in the bulk matrix domain, and delicate vitrophyric clast textures would be altered. In fact, the coarser grain size of the groundmass in the protobreccia clasts attests to the additional thermal processing that occurred during its initial lithification. We are unable to definitively determine the source of heat for this event, but the grain shape and size distributions of the clasts indicate that they were deposited by atmospheric rainout of hot volcanic or impact-ejecta materials, as both impact and
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volcanic processes operated on Mars at 1.5 Ga [Nyquist et al., 2001; Schon and Head, 2012] . However, given the ancient igneous crystallization ages for much of these materials (Humayun et al. [2013] , Nyquist et al. [2016] , and the present study), it would seem that impact processes were more likely the dominant mechanism for generating NWA 7034 and its pairings. Impact processes have also been implicated in the formation of NWA 7034 based on the highly siderophile element systematics in NWA 7034 and its pairings [i.e., Goderis et al., 2016] .
The presence of protobreccia clasts within NWA 7034 indicates that the process of thermal annealing of Martian regolith materials by impact and/or volcanic processes is common on Mars and is likely to be an important mechanism for the formation of sedimentary rocks on the Martian surface, at least during the Amazonian Epoch. Our findings are consistent with Mars having a cold and dry climate during the Amazonian Epoch due to the prevalence of minerals that are susceptible to aqueous alteration in NWA 7034 (i.e., apatite and pyroxene), although some aqueous alteration, consistent with low water:rock ratios, is observed [Muttik et al., 2014; Liu et al., 2016] . It is difficult to assess Martian surface environments (e.g., climate and habitability) before 1.5 Ga from NWA 7034 due to its complex thermal history, although the bimodal population of U-Pb ages is remarkable given that crustal fragments date to the oldest known crust of Mars and yet only appear to have experienced high-temperature metamorphism once at 1.5 Ga. This points to southern highlands source terrains for NWA 7034 that were static for up to billions of years outside the two episodes of impact reworking; at 1.5 Ga and the 0.008 Ga meteorite launch event. In fact, NWA 7034 has provided important insights into the types of samples to be selected for future Mars sample return missions. In particular, we should avoid surface samples from Mars that have undergone extensive thermal processing because the earliest low-temperature geologic history of Mars is likely to be disturbed and/or erased. Nevertheless, NWA 7034 has provided valuable clues to the petrogenetic environments of its earliest crust, the formation processes of the Martian regolith, and the Martian sedimentary environments during the Amazonian Epoch.
